High temperature high vacuum electrostatic levitation was used to determine the complete timetemperature-transformation ͑TTT͒ diagram of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10.0 Be 22.5 bulk metallic glass forming alloy in the undercooled liquid state. This is the first report of experimental data on the crystallization kinetics of a metallic system covering the entire temperature range of the undercooled melt down to the glass transition temperature. The measured TTT diagram exhibits the expected ''C'' shape. Existing models that assume polymorphic crystallization cannot satisfactorily explain the experimentally obtained TTT diagram. This originates from the complex crystallization mechanisms that occur in this bulk glass-forming system, involving large composition fluctuations prior to crystallization as well as phase separation in the undercooled liquid state below 800 K.
Thermophysical properties, such as specific heat capacity and total hemispherical emissivity, over the whole range of the undercooled liquid have been determined. 9 Due to the limited glass-forming ability of earlier alloys, the acquisition of basic data on crystallization kinetics in the deeply undercooled melts has not been previously possible. However, the application of the HVHTESL technique to the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10.0 Be 22.5 alloy offers a new opportunity to study the crystallization kinetics in the entire undercooled melt down to the glass transition. In this letter, we report the experimental of the TTT diagram, which describes the occurrence of the crystallization events as a function of isothermal annealing time and temperature in the undercooled liquid. For the first time, we experimentally define the complete TTT diagram for the crystallization of an alloy for the whole range of the undercooled liquid, i.e., from the melting point down to the glass transition temperature.
The details of the alloy preparation steps and the experimental apparatus of the electrostatic levitator are described elsewhere. 6, 7 The sample temperature was measured using an E 2 T pyrometer ͑model 7000ET-1HR͒. Prior to the temperature measurements, the pyrometer was calibrated using the known eutectic temperature of 937 K. Initially, the molten sample was cooled radiatively to a predetermined temperature by blocking the heating source of a xenon arc lamp. Then, the iris of the xenon arc lamp was opened to maintain that temperature. Since the pyrometer measures the radiance of the sample at 4 m ͑nominally͒, the temperature measurements are accurate even in the presence of the UV-rich heating source for the entire isothermal treatment. The temperature fluctuations during isothermal treatments were within about Ϯ5 K, before recalesence due to crystallization occurred. The time required to initiate crystallization during the isothermal treatments was measured as the onset of recalesence. Figure 1 shows a cooling curve obtained by purely radiative cooling. 7 The alloy did not crystallize during solidification as x-ray diffraction and differential scanning calorimetry ͑DSC͒ investigations revealed. 7, 9 A small recalesence effect occurs below 800 K, which we attribute to a phase separation in the undercooled liquid state resulting in a small heat release. 9 This phase separation was confirmed by atom probe field ion microscopy ͑AP/FIM͒ measurements on samples cooled with a rate of approximately 10 K/s. 10 The schedule of the construction of the TTT diagram is added in Fig. 1 , indicating the isothermal experiments to determine the time required to reach the onset of crystallization at dif- ferent isothermal temperatures. Prior to each isothermal measurement, the sample alloy was subjected to melting and radiative cooling cycles shown in Fig. 1 to ensure a clean sample ͑i.e., ''self-fluxing''͒, so that heterogeneous nucleation could be avoided. 7 The time origin ͑i.e., tϭ0͒ was defined to be the time at which the sample temperature reaches the melting point of 993 K during radiative cooling. The time required for crystallization of the undercooled liquid during isothermal treatments is much longer than the total time for vitrification shown in Fig. 1 , as will be demonstrated.
A temperature-time profile for moderate undercooling below the melting point is shown in Fig. 2͑a͒ , indicating the isothermal treatment and the recalesence due to the crystallization, which heated the sample up to the eutectic temperature of 937 K. At this degree of undercooling, only a single crystallization event is observed. Figure 2͑b͒ , in contrast, shows a temperature-time profile in which the sample was cooled about 200 K deeper until phase separation took place ͑area I͒. The subsequent annealing at 730 K led to a primary crystallization with an onset time of 360 s ͑area II͒ and a secondary crystallization at an onset time of 800 s ͑area III͒. The primary crystallization peak from the metastable undercooled liquid is rather broad and around 400 s long, suggesting a copious nucleation event but sluggish growth kinetics. After the completion of primary crystallization, the remaining undercooled liquid crystallized, as indicated by a sharper second heat release event which is about 200 s long.
Based on DSC experiments, AP/FIM results, 10 and transmission electron microscopy and small angle neutron scattering studies, 11 we believe that for these undercoolings a phase separation ͑event I͒ into Be-poor and Be-rich regions precedes the nucleation of crystals. According to Schneider et al., 11 the primary crystallization ͑event II͒ can be attributed to the formation of a nanocrystalline Be-poor and Tirich f.c.c. phase, which is embedded in a noncrystalline Berich matrix. This implies that during the time period of 360 s between event I and II an additional decomposition involving Ti has to occur ͓Fig. 2͑b͔͒. During the secondary crystallization ͑event III͒ the remaining Be-rich supercooled liquid crystallizes as well. It should be noted that the total heat release for the observed decomposition ͑100-200 J/g atom͒ with respect to Be and Zr is much smaller than the overall heat release for the crystallization events ͑approximately 5.5 kJ/g atom͒. 8 The ultimate crystallization, however, also involves an additional phase separation with respect to Ti. 11 At an annealing temperature of 660 K, shown in Fig. 2͑c͒ , no crystallization event was observed. Implying that the kinetics in the metastable undercooled liquid is too sluggish to develop crystallization within the time scale of the experiment. Figure 3 summarizes all the measured times for the onset of crystallization at various isothermal temperatures as a TTT diagram. It shows the typical ''C'' shape, as expected, with a ''nose'' of the TTT curve at 51 s and 850 K. This temperature of the nose, however, is relatively high in comparison with the predictions of conventional models for the TTT curves, as will be discussed below. The critical cooling rate to bypass the ''nose'' ͑i.e., crystallization͒ is 1.8 K/s, which is consistent with previous experimental results. 7 Figure 3 also indicates that crystallization of the metastable undercooled liquid is dominated by one crystallization event above 800 K, whereas below 800 K primary ͑͒ and secondary crystallization ͑᭹͒ is observed as the result of the preceding phase separation in the undercooled liquid state.
It is of interest to compare the conventional models with the measured TTT diagram to evaluate the kinetics analyses ͑i.e., TTT diagram͒ combined with the classical nucleation and growth theory of crystalline phases in an undercooled liquid. We have made several attempts to fit the measured TTT curves using, for example, the Uhlmann 12 and Davis 13 kinetic formulations. Even with the use of recent specific heat capacity 8 and viscosity data, 14 we were not successful in fitting the high lying ''nose'' feature with conventional kinetic models. These deviations are very likely due to the unreasonable estimates of the homogeneous nucleation Curve ͑a͒ shows the isothermal treatment at 900 K and the recalesence that leads to a temperature increase up to 937 K. In curve ͑b͒, a sample is undercooled down to 730 K, where phase separation ͑area I͒ occurs. Subsequently, the sample crystallizes in two events ͑areas IIϩIII͒. Curve ͑c͒ shows a time-temperature profile of a sample that is undercooled down to 670 K where no recalesence is observed. The onset of the glass transition for a heating rate of 1.667 K/s is added (T g ).
FIG. 3.
Time-temperature-transformation diagram reflecting the onset of crystallization as a function of undercooling ͑᭹͒. Below 800 K two crystallization events are observed. The primary crystallization ͑͒ is followed by secondary crystallization ͑᭹͒.
